The properties of a differential transconductance amplifier coupled with a four channel measurement system are exploited in order to reach a very high sensitivity in current noise measurements. In particular, it is demonstrated that, in proper conditions, the noise contributions coming from the active and passive devices that make up the transresistance amplifier can be virtually eliminated. Moreover, the proposed measurement method allows the evaluation of the impedance of the device under test from noise measurement data. Actual measurement results are also reported that demonstrate the effectiveness of the proposed approach.
I. INTRODUCTION
Current noise measurements are frequently used as a sensitive tool for the characterization of the quality and the reliability of electron devices. 1 Current noise analysis, in particular, may serve as an indirect probe of quantum effects such as charge transport correlation in strongly confined systems, as it is the case in resonant tunneling structures 2 or in mesoscopic devices. 3, 4 However, the application of noise measurement techniques is often limited by the noise performances of the preamplifiers employed for noise detection and amplification. This is particularly true in the case of conventional transresistance amplifiers, where gain, bandwidth, and equivalent input noise level are not independent of each other. In fact, the feedback resistance which is used together with a low noise operational amplifier in a voltage current feedback configuration for obtaining a low noise current voltage converter, besides determining both the transimpedance gain and the bandwidth, is, in most cases of practical interest, the predominant source of background noise. Advanced designs, such as that proposed in Ref. 5 may succeed in overcoming the above constraints, thus allowing us to obtain very low noise high bandwidth transresistance amplifiers. Another possible approach consists in resorting to a differential configuration as in Ref. 6 , where the contribution of the feedback resistances to the background noise is eliminated by means of a two channel cross correlation at the amplifier outputs. However, in all cases, nothing is done in order to reduce the contribution of the equivalent input noise sources of the operational amplifiers and the contribution of the biasing system that, especially in the case of a device under test ͑DUT͒ with relatively low impedance, may represent the main source of background noise. In the following paragraph, we briefly review the properties of a differential transimpedance amplifier and we demonstrate that, under proper conditions and by resorting to a four channel measurement system, such contributions can indeed be considerably reduced, thus allowing us to extend the possibility of performing reliable noise measurements in situations that could not be approached by means of other existing methods.
II. DIFFERENTIAL TRANSRESISTANCE AMPLIFIER
The schematic of a differential transresistance amplifier is shown in Fig. 1 . In the following we will assume that the contribution of the equivalent input current noise ͑EICN͒ source of the operational amplifiers is negligible. This is a sensible approximation in the case in which field effect transistor input operational amplifiers are used. As an example, in the case of the metal oxide semiconductor field effect transistor input TLC070 operational amplifiers, which are the operational amplifiers we have used throughout this work, the EICN is less than 0.6 fA/ Hz 1/2 . We assume that the feedback resistances R R1 and R R2 be equal. The selection of the resistance value to be given to R R1 and R R2 depends on several parameters as will be discussed in the following. In the virtual short circuit approximation between the inputs of the operational amplifiers, the biasing voltage across the DUT is equal to V B . The source i D represents the current noise of the DUT we are interested in. As for the other voltage sources in the schematic, e r1 and e r2 represent the equivalent voltage noise sources of the feedback resistances, e n2 is the equivalent input voltage source ͑EIVN͒ of the operational amplifier OA2, while e n1 represents the sum of the EIVN of OA1 and of the equivalent voltage source introduced by the biasing source V B . Note that the noise contribution of the biasing source may be quite larger than the EIVN of OA1. All the noise sources in Fig. 1 are uncorrelated to one another.
Let us now assume that we have four independent ac coupled voltage amplifiers available that can be used to amplify the voltages v 1 , v 2 , v 3 , and v 4 . We will assume such voltage amplifiers to be characterized by a very high input impedance and that their EICN is negligible, while we do not pose any constraint on the magnitude of their EIVN. We will come back to these assumptions when we will discuss the practical aspects to be addressed for the actual implementation of the measurement method we propose. For the sake of simplicity, we will assume that such amplifiers have the same voltage gain A V which is real and constant in the frequency range we are interested in. Let e A1 , e A2 , e A3 , and e A4 be the voltage sources representing the EIVN of the amplifiers connected to v 1 , v 2 , v 3 , and v 4 , respectively. In the hypothesis of virtual short circuit at the inputs of the operational amplifiers in Fig. 1 , we can calculate the contribution of all the noise sources to the input equivalent voltages v A1 , v A2 , v A3 , and v A4 of the four voltage amplifiers as follows:
It must be noted that the purpose of Eq. ͑1͒ is to provide us with all the transfer functions among the noise input ports and the measurement ports. In this respect, one may think of Eq. ͑1͒ as obtained by replacing the nondeterministic noise sources with deterministic test sources. It can be noted that in a nondifferential configuration, the node corresponding to v 4 in Fig. 1 would be connected to ground and that only the voltage v A1 would be taken, as a rule, into consideration. In such a case, for the power spectrum S 11 of v A1 one obtains
where S e A1 , S e n1 , S e R1 , and S i D are the power spectra of e A1 , e n1 , e R1 , and i D , respectively. By dividing by the transresistance gain R R1 squared, and remembering that S e R1 =4KTR R1 ͑where K is the Boltzmann constant and T the absolute temperature͒, one obtains
The quantity S 11 / R R1 2 may therefore be regarded as an estimate of S iD , provided that all the other terms can be made negligible. Except for the contribution of S e n1 , all the other sources of error in Eq. ͑3͒ decrease as the feedback resistance increases. However, there are limits to the value that R R1 can assume. Indeed, the dc current biasing the DUT flows across R R1 , and therefore its value cannot be made larger than that leading to the saturation of the operational amplifier. Moreover, for large values of R R1 ͑R R1 ӷ 1 M⍀͒, the bandwidth of the amplifier is determined by the parasitic capacitance of R R1 that, for a given resistor technology, does remain approximately constant. This means that one obtains smaller and smaller bandwidths for larger and larger feedback resistances. As for the contribution by the EIVN, as long as the DUT impedance is larger than the feedback resistance, its effect can also be reduced by increasing the value of R R1 . However, in the case in which the impedance Z D is smaller than the feedback resistance, the value of the latter does not affect the contribution of the EIVN and therefore, when such a contribution is significant, no reliable measurement can be made.
By resorting to the differential configuration of Fig. 1 and by performing a conventional two channel cross correlation between the outputs v A1 and v A2 , a few, but not all, of the above mentioned problems can be solved. For the cross spectrum S 12 between v A1 and v A2 one obtains
According to Eq. ͑4͒, all the noise contributions from the feedback resistance, as well as the additional noise introduced by the ac coupled voltage amplifiers, used to increase the signal levels prior to sampling and recording disappear, while the contribution coming from the EIVN sources of the operational amplifiers and of the bias voltage are still present. In the cases in which such contributions are significant, no improvement can be obtained by applying such a method. However, if we also have the wave forms v A3 and v A4 available, we may perform the estimation of the cross spectra S 13 , S 14 , S 23 , and S 24 for the wave form pairs ͑v A1 ; v A3 ͒, ͑v A1 ; v A4 ͒, ͑v A2 ; v A3 ͒, and ͑v A2 ; v A4 ͒, thus obtaining
͑5͒
We may now observe that, provided that we insure that S 13 + S 23 = S e n1 , S 14 + S 24 = S e n2 .
͑6͒
Therefore, using Eqs. ͑5͒ and ͑6͒, it can be easily verified that we have, from Eq. ͑4͒,
It is now apparent that we can obtain an exact estimate of S iD using Eq. ͑7͒, ͪ.
͑8͒
The result in Eq. ͑8͒ is remarkable for the following reasons.
• The only parameters that have to be known for estimating the DUT current spectrum are the feedback resistances R R1 and R R2 and, in particular, they must be made equal.
• The result is obtained with one measurement step only.
One does not need to know beforehand the power spectrum of the EIVN of the amplifiers or the noise introduced by the biasing source V B .
• The DUT impedance need not be known. In fact, the DUT impedance can even be obtained as a result of the measurements from the knowledge of the feedback resistances and the measured cross spectra, as it will be shown in the section devoted to the experimental results.
Notwithstanding these important advantages, the method we propose suffers from a few limitations that must be clearly understood before attempting to apply it to actual measurements. As it is not possible to take into detailed consideration all the possible measurement conditions in terms of noise level, required bandwidth, dc bias current, DUT impedance, and so on, in the next paragraph we will discuss in general terms the aspects that may contribute to limiting the sensitivity of the method in actual measurements.
III. IMPLEMENTATION DETAILS
As it is well known, cross spectra estimation by means of fast Fourier transform spectrum analyzers requires that a conveniently large number of averages be taken for the uncorrelated noise component to become much smaller than the correlated ones. In particular, the number of averages required for reducing the uncorrelated noise components to a given level is a rapidly increasing function of the uncorrelated noise component magnitudes in each of the two channels contributing to the cross spectrum. For this reason, in order to reach a reliable estimate of the cross spectra in a reasonable time, the uncorrelated noise sources contributing to each channel must be kept as small as possible. This, as we shall see in the following, may pose important constraints to the design of the actual circuit to be used for a given application.
Besides the problem mentioned above, the limitations to the applicability of the method we propose come from the assumption that has been made in order to write Eq. ͑1͒, i.e., that we can assume a virtual short circuit at the inputs of the operational amplifiers. In order to extend the bandwidth of the system in such a way as to make this assumption true, one should employ a value of R R as small as possible, especially in the case of DUTs with a significant capacitive component. This, however, is in contrast with the requirement of employing feedback resistances as large as possible in order not to introduce too much uncorrelated noise at the outputs v 1 and v 2 . Therefore one needs to reach a tradeoff between bandwidth and sensitivity in the selection of the feedback resistances. It must be noted, however, that the value of the feedback resistances must also comply with the need of keeping the operational amplifiers in the linear region of operation when a current is made to flow through the DUT. Therefore, the maximum value of the feedback resistances is set by the value of the dc current flowing through the DUT. Starting from this maximum, the value of the feedback resistances can be reduced in order to gain bandwidth at the expense of sensitivity.
The other assumption that needs to be discussed is the availability of ideal voltage amplifiers for amplifying the signals v 1 , v 2 , v 3 , and v 4 . In the case of the outputs 1 and 2 in Fig. 1 , such an assumption is, however, unnecessary. Indeed, since the outputs v 1 and v 2 are characterized by low impedance, the ac coupling needed to remove the dc component can be obtained as in Fig. 2͑a͒ , as the magnitude of the input impedance of the amplifier can easily be made much larger than the output impedances of the transresistance stages. Moreover, the noise introduced by the resistance in the input high pass filter in Fig. 2͑a͒ is shorted by the output impedances at nodes v 1 and v 2 , thus not contributing significantly to the overall noise. The situation is quite different in the case of the nodes v 3 and v 4 . In the case of the node v 4 , ac coupling prior to voltage amplification is not really needed, as the dc component is just the offset voltage of the operational amplifier OA2. In such a case, one can use the circuit in Fig. 2͑b͒ . It must be noted, however, that in the case of metal oxide semiconductor input operational amplifiers, a common mode capacitor exists at the input of the amplifier that, in the case of the TLC070, can be of the order of 10 pF. The effect of this capacitor, and of the other equivalent one Fig. 1 . The configuration in ͑a͒ can be used for nodes v 1 and v 2 . Configuration ͑b͒ can be used for node v 4 , whereas the more complex circuit in ͑c͒ must be used for node v 3 as discussed in the text.
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that is in any case present at the input of the noninverting input of OA2, will be discussed later on. In the case of the node v 3 , the presence of the bias voltage V B makes ac coupling prior to amplification mandatory. However, in this case it is not possible to use a configuration such as the one in Fig. 2͑a͒ . In fact, the equivalent impedance of the high pass filter, besides interfering with the feedback return ratio for the amplifier OA1, would also cause the introduction of a significant amount of additional noise coming from the resistance. In such a case, therefore, a circuit such as the one in Fig. 2͑c͒ must be adopted, where the buffer is used to separate the node v 3 from the ac filter at the input of the high gain cascaded voltage amplifier. Also in the case of the node v 3 , a couple of common mode capacitances are present, one at the inverting input of the operational amplifier OA1 and another one at the input of the buffer in Fig. 2͑c͒ . The presence of such capacitances does actually modify the expressions in Eq. ͑1͒. In particular, if C 3 and C 4 are the equivalent common mode capacitances at the nodes v 3 and v 4 , respectively, Eq. ͑1͒ becomes
and we have, for Eq. ͑5͒,
Therefore, in the hypothesis R R1 = R R2 = R R , Eq. ͑6͒ becomes
ͪ.
͑11͒
However, as we expect Z C3 and Z C4 to be purely imaginary, we can still use Eq. ͑8͒ provided that we replace the sums S 13 + S 23 and S 14 + S 24 with their real part. In any case, we can reduce the effect of Z C3 and Z C4 by reducing the value of R R , as long as it does not increase too much the uncorrelated noise components to be averaged to zero when performing the cross correlation among the four measurement channels.
As a final remark, we need to comment on the fact that it would be certainly helpful to know beforehand how much measuring time is needed to reach a given accuracy in the estimation of the DUT noise. Unfortunately, the general rules that can be applied in the case of the simple cross correlation among two channels cannot be applied to the case of the new measurement procedure which involves the cross correlation among four channels with the various constraints that we have outlined above. However, we can at least point out that the most critical step in the new measurement procedure lies in the estimation of S e n1 ͑S e n2 ͒ according to Eq. ͑6͒ as it can be regarded as the result of the difference between the terms S 13 and −S 23 ͑S 24 and −S 14 ͒ that, depending on the DUT impedance, can be quite close to one another. Therefore, the experimental observation of the time evolution of the estimation of S e n1 and S e n2 could provide an indication of the minimum time required to reach reliable results.
IV. EXPERIMENTAL RESULTS
In order to verify the validity of the approach we propose, we have performed a few actual experiments in controlled conditions. In a first experiment, we used a dummy DUT made of the parallel connection of a resistor ͑1 M⍀͒ and a capacitor ͑10 nF͒. In this way we know beforehand the true current noise produced by the DUT. We selected the TLC070 for all the operational amplifiers of the experimental setup, that is, for both the differential transresistance amplifiers and the four voltage amplifier needed to raise the level of the four voltages v 1 , v 2 , v 3 , and v 4 . As in this experiment we did not bias the DUT, we used the configuration in Fig.  2͑b͒ for the amplifiers to be connected to nodes v 3 and v 4 . The lower corner frequency of the ac coupled voltage amplifiers was below 100 mHz. The feedback resistances were set to 10 M⍀. With this value, and taking into account the DUT impedance, we can estimate a bandwidth slightly larger than 100 Hz. In these experimental conditions, the noise contribution of the DUT to S 11 and S 22 was estimated to be below the sum of all the other contributions in the entire bandwidth of the system.
For signal acquisition and spectra estimation, we used a spectrum analyzer that employs two synchronized National Instruments PCI-4451 two channels DSA boards in order to perform the simultaneous sampling of the four channels we were interested in. A dedicated software was developed that allows the continuous sampling and storage of the four wave forms. Such wave forms can be played back at will after the measurement phase in such a way as different spectral analysis parameters can be used. In particular, the software allows online decimation up to 256 times with respect to the sampling frequency. All the reported results were obtained by analyzing the recorded data over a time length of about 10 ks ͑about 3 h͒ using a data window length of 8192 points. The equivalent sampling frequency was 3200 Hz. In Fig. 3 we report the current noise of the DUT S iD as evaluated according to Eq. ͑8͒. The curve SЈ 11 is obtained by dividing the measured S 11 by the feedback resistance squared and corresponds to the estimation of the DUT current noise that would be obtained in the case of a conventional transresistance amplifier according to Eq. ͑3͒. The curve ͉SЈ 12 ͉ is the result that would be obtained in the case of a conventional two channel cross correlation method, according to Eq. ͑4͒. It is apparent that both SЈ 11 and ͉SЈ 12 ͉ do not provide a correct estimate of the DUT noise anywhere in the explored frequency range because of the noise introduced by the EIVN of OA1 and OA2. On the other hand, the spectrum S iD calculated according to the new method provides a good estimate of the actual current noise level introduced by the DUT up to about 200 Hz, where the spectrum deviates considerably from the expected value S IC . This deviation is due to the fact that the approximations used for the extraction do not hold above 200 Hz. This can be easily verified in Fig. 4 , where we report the measured spectrum S 33 ͑that includes the effects of the EIVN of the operational amplifier OA1 and of the noise e A3 introduced by the voltage amplifier͒ and the EIVN of OA1 estimated according to Eq. ͑6͒. As it is apparent, the shape of the estimated spectrum S e n1 starts to considerably deviate from what expected above 100 Hz. Indeed, as we used the very same type of operational amplifier in all circuits, we would expect S e n1 to be about half of S 33 at any frequency. As far as the possibility of estimating the DUT impedance is concerned, we may observe that within the frequency range in which the approximations used for extracting the DUT noise are valid, we can calculate the DUT admittance using Eqs. ͑10͒ and ͑11͒ as we have
The real and imaginary parts of Y D as evaluated according to Eq. ͑12͒ are reported in Fig. 5 , where the dashed line is the calculated imaginary part corresponding to the 10 nF capacitor that was parallel to the 1 M⍀ resistor in the DUT. In order to further assess the new method, we performed another experiment in which the DUT current noise was not constant with frequency. In order to obtain this result, we used the circuit in Fig. 6 . With such a DUT, the bandwidth of the system extended up to about 1 kHz. In this case, in order to cover the entire frequency range from a few hundred millihertz up to a few kilohertz with sufficient resolution at all frequencies, we used different equivalent sampling frequencies in different frequency ranges.
The experimental conditions and the parameters employed for frequency estimation were the same used for the first experiment described above. As can be observed in Figs. 7 and 8, also in this case we obtain a good estimate of the current noise spectrum of the DUT and of its admittance. As a final remark, we would like to stress the fact that all these results were obtained without any calibration and with the only condition of a known value for R R1 = R R2 .
V. CONCLUSIONS
In this paper we have discussed a new four channel measurement method that, when applied to a differential transimpedance amplifier, allows us to obtain a considerable improvement in the sensitivity of the system. In particular, it was shown how it is possible, by setting proper measurement conditions and by resorting to proper signal elaboration, to cancel the noise contributions of the passive and active devices of the transimpedance amplifier. The advantages and the limitations of such a method have been discussed and its validity has been assessed in situations where other methods would fail.
